Formation and evolution of a multimodal InAs/ GaAs quantum dot ͑QD͒ ensemble during a growth interruption prior to cap layer deposition is studied. These particular kinds of QDs form self-organized after deposition of an InAs layer close to the critical thickness for elastic relaxation and after a short growth interruption. The QDs consist of pure InAs with heights varying in steps of complete InAs monolayers, have well-defined, flat, top and bottom interfaces, and show indications for steep side facets in transmission electron micrographs. QDs with a common height represent a subensemble within the QD ensemble, showing an emission peak with small inhomogeneous broadening. The evolution occurs by an increased appearance of subensembles with higher QDs and disappearance of subensembles related to smaller QDs, which accordingly dissolve. Dissolution proceeds essentially by a decrease of height, and only to a small amount by lateral shrinking. Thickness and composition of the wetting layer do not change during this process; growth and dissolution originate solely from material exchange between different QD subensembles. The evolution slows down for prolonged growth interruption, but the QD ensemble does not attain equilibrium within a time scale of minutes being eventually limited by the onset of plastic relaxation. Formation and dynamics of the observed evolution of the multimodal QD size distribution is theoretically well described by a kinetic approach, which implies strain-controlled adatom kinetics in the mass exchange between the QDs mediated by the adatom sea.
I. INTRODUCTION
Strained-layer epitaxy in the Stranski-Krastanow mode has evolved to a most effective method for fabricating defect-free zero-dimensional nanostructures. 1 Structural and optical properties of such quantum dots ͑QDs͒ sensitively depend on the conditions of strained-layer deposition and capping. Despite an inherent tendency to self-limiting growth of such self-organized QDs 2 an Ostwald-like ripening process due to kinetic barriers was reported with growth of larger QDs on the expense of smaller QDs and potentially also on expense of the wetting layer ͑WL͒ underneath the QDs. [3] [4] [5] [6] [7] Random variation in size and composition of the QDs generally lead to inhomogeneous broadening of ensemble properties. Occasionally a bimodal distribution is found for specific growth parameters. [8] [9] [10] [11] For InAs/ GaAs layer deposition near the critical value of elastic relaxation to self-organized QDs, a multimodal QD distribution with up to five well-distinguished subensembles was concluded from clearly resolved narrow peaks observed in the photoluminescence ͑PL͒ of the QD ensemble. 12, 13 Employing antimony as a surfactant, recently an even more pronounced breakdown was found.
14 A comparison of the spectral positions of the demerged ensemble luminescence to exciton gound-state transition energies predicted from k · p configurationinteraction model calculations provided an unambiguous assignment to subensembles with size variations in InAs monolayer ͑ML͒ steps.
While a conclusive assignment of the multimodal ensemble luminescence to a breakdown of the QD continuous distribution into subensembles was previously provided, origin and dynamics of the formation of such intriguing subensembles were not yet reported. The main goal of this paper is to report about the evolution of the multimodal size distribution and to identify its physical origin. The optical response on the ML size quantization for differently prepared samples is shown to afford a detailed insight into the dynamics of QD formation and its evolution. In addition, structural studies presented here provide a clear proof for the previously given assignment of the subensembles to pure flat InAs QDs in a GaAs matrix with heights which differ by integer InAs monolayers. The driving force and the dynamics of subensemble formation and dissolution is successfully described by a kinetic model, which accounts for strain-controlled adatom kinetics.
II. EXPERIMENTAL PROCEDURE

A. Growth of multimodal InAs/ GaAs QDs
InAs/ GaAs QDs were grown in the Stranski-Krastanow growth mode on semi-insulating GaAs͑001͒ substrates, using metalorganic vapor phase epitaxy with trimethylindium, trimetylgallium, and tertiarybutylarsine precursors and hydrogen carrier gas. After deposition of a homoepitaxial buffer, 60 nm Al 0.6 Ga 0. 4 As, and 90 nm GaAs at 625°C, the growth temperature was reduced to typically 490°C and about 1.9 ML of InAs was deposited at a V/III ratio of 1.5 and a growth rate of 0.4 ML/ s. The InAs thickness is close to the critical value for elastic relaxation by surface faceting, and the deposition rate is comparably high. Hereafter, growth was interrupted to allow QD formation and ripening. All metal-organic sources were switched off during this period. Note that no quantum dots were formed under the given conditions if this growth interruption was not applied ͑cf. Sec. IV A͒. Subsequently, the QDs were capped by 5 nm GaAs at 490°C at a large rate of 1 ML/ s. The temperature was then ramped up to 600°C during deposition of a further 50 nm thick GaAs layer. Finally, 20 nm Al 0.33 Ga 0.67 As was grown as an upper diffusion barrier for photoexcited charge carriers, followed by a 10 nm thick GaAs cap to prevent oxidation.
Perceptibility of subensembles of flat multimodal InAs QDs studied here requires well-defined sharp upper and lower interfaces to the GaAs matrix. A sharp lower interface is easily achieved by a smooth GaAs surface. 15 Oscillations in the reflectance anisotropy measured in situ during the subsequent deposition of InAs or InGaAs layers indicate that a flat growth front is maintained prior to QD formation. 16 As shown in Sec. IV A, a quantum well instead of a quantum dot layer is hence produced if the GaAs cap layer is deposited immediately after InAs deposition, i.e., without applying a growth interruption. Growth conditions for multimodal InAs QDs were adjusted within a narrow parameter window to obtain a pronounced decomposition of the ensemble into subensembles. At growth temperatures exceeding 500°C, a PL blueshift indicates interdiffusion which blurs the breakdown into subensembles. A smearing is also observed for lower and larger InAs deposition rates, in both cases accompanied by a slightly increased half width of the ensemble PL. The same applies for deposition of the GaAs cap layer, where large growth rates lead to strong degradation.
B. Experimental setup
Structural properties of the samples were characterized by transmission electron microscopy ͑TEM͒ using a Philips CM20T for plan view and a JEM4010 for high resolution TEM micrographs operating at 200 kV and 400 kV, respectively. Photoluminescence ͑PL͒ was excited using the 514.5 nm line of an Ar + laser, the luminescence was spectrally dispersed by a 0.3 m double-grating monochromator and detected using a cooled Ge pin diode. For PL excitation ͑PLE͒ measurements, the light of a tungsten lamp dispersed by a 0.27 m double-grating monochromator served as the tunable source. Low temperature measurements were performed in a continuous-flow He cryostat.
III. MULTIMODAL InAs/ GaAs QD ENSEMBLE
A. Optical properties
The photoluminescence spectrum of a QD sample grown with 5 s growth interruption time ͑GRI͒ is shown in Fig. 1 .
The spectrum recorded at low temperature is composed of the near band-edge emission of the GaAs matrix near 1.5 eV and the dominating broad luminescence from the InAs QDs with five pronounced maxima. The spectrum was excited at a low density of 5 W / cm 2 to ensure that no emission from excited QD states is responsible for the clear modulation observed. Fabry-Pérot oscillations are also safely ruled out, due to a pronounced temperature dependence of the modulation which shifts like the QD-related emission and disappears at room temperature ͑cf. Fig. 1͒ , and due to absence of any angular dependence. The spectrum can be perfectly described by a multi-Gaussian fit ͑gray curve͒ composed of narrow lines with about 30 meV half-width and spacings gradually varying from 50 to 30 meV for decreasing energy ͓cf. Fig. 2͑a͔͒ . Convincing evidence was provided in a recent work 14 for a previously given attribution of the individual peaks to subensembles of InAs QDs which gradually differ in height by single steps of InAs monolayers. 12 The InAs QDs described in Ref. 14 were grown in a similar way as those studied here, except for the adding of antimony during InAs deposition and growth interruption acting as surfactant to smoothen the interface to the GaAs cap layer. Strainedlayer epitaxy mediated by antimony used as surfactant was recently demonstrated to lead to smooth interfaces in InGaAs/ GaAs quantum wells with only negligible incorporation. 17 In island growth, Sb is expected to reduce the Schwoebel barrier near the step edge and to flatten the surface; 18 for Ge/ Si islands grown in the Stranski-Krastanow mode, Sb greatly enhanced the ͑001͒ facet on the equilibrium island. 19 In fact, a more pronounced modulation of the InAs QD luminescence and even eight distinguishable peaks were observed when Sb was added, 20 and an excellent agreement to calculated exciton energies was obtained if a shell-like size variation of truncated pyramidal InAs/ GaAs QDs was assumed.
14 The InAs QDs studied here have slightly larger exciton energies and smaller energy separations between the individual subensemble peaks than those formed under me- 
B. Structural properties
The assignment of the PL modulation to a monolayer discretization within the QD ensemble is substantiated by crosssectional transmission electron micrographs. For high resolution imaging along ͓100͔ shown in Fig. 3 , the strain sensitive ͕220͖ reflections and the additionally chemically sensitive ͕200͖ reflections were used in addition to the direct beam. With these conditions, InAs dots appear as bright central areas. The dots generally have a low aspect ratio with flat top and bottom and about 10 nm lateral extension. The dark areas above the dots-for larger dots also below-correlate to strain fields in the surrounding GaAs matrix. The crystal lattices and the local chemical compositions were obtained from Fourier filtered images 21 using the ͕200͖ components and the transmitted beam in the reconstruction as shown in the bottom figure. Differences of the InAs and the GaAs lattice pattern, presented in the experimentally obtained image templates ͑inset͒, were used for a quantitative analysis. From such a combined investigation follows that both the base and the top layer of the flat dots apparently consist of plain, continuous InAs layers. Consequently no significant InAs-GaAs intermixing occurred during capping, in contrast to findings at higher temperatures ͑e.g. Ref.
22͒. The QDs differ in height by integer numbers of InAs monolayers as indicated in the figure. Atomically sharp interfaces to the cladding GaAs matrix and the stepwise increase of size are characteristic features of the InAs QDs studied here. The side facets are less well resolved in the images, due to high strain perturbations at the base perimeter of the QDs. They rudimentarily appear as steeply inclined planes, giving the QDs the shape of a truncated pyramid. Such a result was also previously observed in cross-section scanning tunneling images of InAs/ GaAs QDs. 23 
IV. EVOLUTION OF MULTIMODAL QD RIPENING
A. QD formation and ripening
The clear detection of the ML quantization in the PL of the QD ensemble provides a sensitive tool to investigate the temporal evolution of quantum dot formation. For this purpose we used a series of samples grown with GRI of varying durations after a comparably fast deposition of the InAs QD material and prior to deposition of the GaAs cap layer. GaAs deposition was also applied at high growth rate, so as to keep capping-induced effects small and provide constant capping conditions. If no GRI is applied, a strong luminescence peaking near 1.37 eV is found ͑see Fig. 1͒ . Such luminescence was previously studied for InGaAs/ GaAs QD samples and well described by exciton recombination in pseudomorphic quantum wells. 25 The shape of the observed peak clearly indicates a QW emission, 24 and for the peak energy an InAs QW thickness of ϳ1.8 ML is computed from an effective mass model-solid approach, 26 in good agreement with the deposited material. If a GRI prior to QD capping is applied, the shape and energy of the strong luminescence change to the QD-related emission described in Sec. III A. Consequently, QD formation begins after deposition of InAs in our experiment. With increasing duration of the GRI, the luminescence of the QD ensemble experiences a red shift ͑see Fig. 4͒ . Such behavior is generally reported for self-organized QDs and also for nonmultimodal InGaAs/ GaAs QDs. 27 The shift originates from an increase of the average QD volume and the consequential decrease of quantization energy. The red shift slows down for prolonged GRI times, but can still be observed up to the longest applied GRI of 270 s. The persistent shift indicates the action of kinetic barriers, which prevent the achievement of thermal equilibrium on the given time scale.
For GRI durations up to 90 s, the luminescence related to the wetting layer ͑WL͒ is very weak at low excitation density. The increase of the WL emission intensity found for the longest applied GRI of 270 s is accompanied by a decrease of the QD emission intensity and attributed to a small QD density and the onset of plastic relaxation at the QDs as described in Sec. IV B. The transition energies of the WL related to heavy and light holes, taken from PLE measurements, appear at 1.43 eV and 1.48 eV, respectively ͑cf. Fig.  4͒ . These energies correspond to an InAs QW of 1 ML thickness, and the small Stokes shift with respect to the weak luminescence indicates a residual roughness.
B. Mechanism of multimodal QD ripening
The transition energies of the WL related to heavy and light holes both remain fixed, independent on the applied GRI. This means that the thickness and composition of the WL do not change during the GRI. Hence the WL does not supply the material required for the observed size increase of the QDs. This is in contrast to findings at slow InAs deposition rates 28 and also for GaSb/ GaAs QDs. 5 The size increase must consequently originate from a material exchange between QDs of different subensembles. This implies that during the GRI a certain fraction of QDs dissolve to enable the growth of other QDs. Evidence for this process is found in the PL spectra. The luminescence lines from the QD subensembles show a small blue shift for an extended GRI time ͓cf. Fig. 2͑b͔͒ . This behavior is clearly visible in the spectra at least for three local maxima on the high-energy side of the QD luminescence between 1.2 eV and 1.35 eV ͑Fig. 4͒. In view of the dissolving QDs, this shift is attributed to a decrease of the average lateral QD size and a consequential increase of lateral quantization energy. To estimate the magnitude of this effect, we calculated the excitonic ground state transition energy using the 8-band k · p model described in Ref. 14. Since the QDs studied here generally have a shape of truncated InAs pyramids, we assumed InAs/ GaAs QDs with flat top and bottom ͑001͒ interface, ͑110͒ side facets, and heights varied in units of InAs ML steps. The results given in Table I for two base lengths show that the energy shift induced by a reduced base length is more pronounced for higher QDs, i.e., QDs with a lower transition energy. This tendency explains the smaller energy shifts found in the evolution of smaller QDs ͓Fig. 2͑b͔͒. The small magnitude of this effect indicates that the dissolution predominantly does not occur by a lateral shrinking. Consequently QDs dissolve essentially by decrease of height.
Dissolution of small QDs is also reflected in the QD area density. The integral intensity of the QD ground-state luminescence monotonically decreases for prolonged GRI durations, if a high excitation density is used ͑500 W / cm 2 , not shown͒. The decrease of the saturated QD luminescence indicates a decrease in QD density. This is confirmed by the plain view TEM images given in Fig. 5 . The QD density drops from 4 ϫ 10 10 cm −2 for 5 s GRI to 1.7ϫ 10 10 cm −2 for 90 s GRI. The TEM images also mirror the increased QD size. Their larger strain field leads to higher contrast in the images, which were recorded using the strain-sensitive ͑220͒ reflection. It should be noted that no dislocated islands were found in the samples, except for the longest GRI of 270 s where a high density of misfit dislocations ͑1.9ϫ 10 8 cm −2 ͒ which originate at InAs islands was found. For such samples containing dislocated islands, the investigation of strained FIG. 4 . Photoluminescence ͑a͒ and PL excitation spectra ͑b͒ of multimodal InAs/ GaAs QD samples grown with varied durations of the growth interruption t GRI . GaAs denotes matrix near bandedge emission, hh and lh in ͑b͒ denote transitions related to light and heavy holes of the wetting layer ͑WL͒, respectively; the luminescence was detected on the respective main QD emission maxima of the samples. QD evolution is complicated due to a faster growth of relaxed islands, i.e., an increased material transfer to these regions; 29 the density of not dislocated QDs has consequently dropped, in this sample to 0.9ϫ 10 10 cm −2 . Our evolution study of coherently strained QDs did thus not include exceedingly long growth interruptions.
An information about the fraction of QDs in individual subensembles can be extracted from PL intensities, if the dependence of the relative oscillator strength ͑ROS͒ on variations of size and shape is known. We thus calculated the ROS of truncated pyramidal InAs/ GaAs QDs, using the k · p Hamilton operator as described in Ref. 30 . The QD height was varied from 3 to 13 InAs ML and simultaneously the base length from 10.2 to 13.6 nm, respectively, implying a shell-like increase laterally by 2 ML for an increase of 1 ML in height, as stated in Ref. 14. Figure 6 shows that the ROS of such QDs is largely insensitive to their height. In the strong confinement regime the oscillator strength of the ground-state transition is ruled solely by the overlap of the electron and the hole in the ground state. 31 The k · p calculations show that this overlap hardly changes for QDs considered here. Even the largest QDs still provide a strong confinement, thus squeezing both wave functions together on the same spatial position. We hence consider the integral intensity of the subensemble peaks a reasonably direct measure for the number of the QDs in the individual subensembles. In fact, a Gaussian curve analysis of all spectra given in Fig.  4͑a͒ shows that the successive increase of PL intensity of larger QDs observed for longer GRI durations is largely balanced by a successively decreased PL intensity of smaller QDs. Hence, the barycenter of the PL related to the QD ensemble shifts to lower energy for prolonged GRI by successive disappearance of subensemles of smaller, flat QDs in favor of an augmented appearance of subensembles with larger, higher QDs. A slight decrease in the total balance of PL intensity for prolonged GRI durations is attributed to the decrease of QD density.
The evolution of the multimodal InAs/ GaAs QD ensemble shows roughly an overall picture like Ostwald ripening, 3, 4, 6, 7 though elastic strain relaxation is a crucial part of the driving force for self-organized QDs, 2, 32 and the shape of the studied QDs remains flat. Theoretical studies on QD shape were performed particularly for uncovered or partially covered structures. Truncated pyramids with flat top and bottom facets, as found for the covered InAs/ GaAs QDs studied here, agree with predictions 33, 34 and findings 35 of equilibrium shapes of uncovered QDs. As shown in Sec. IV A this shape forms under the selected growth conditions after application of an at least short GRI, but does not depend further on the duration of the interruption. We consider the equilibrium shape to have a crucial impact on the formation of the flat top facets, potentially assisted by kinetic effects related to capping of the QDs. Surface adatom migration was found to start at the early stage of capping InAs QDs by GaAs, driving In away from the QDs and flattening the QD top, 28 ,36,37 a tendency also found for Ge/ Si islands.
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V. KINETIC MODEL OF MULTIMODAL QUANTUM DOT ENSEMBLE EVOLUTION
A. Energetics of the formation of a multimodal island size distribution
The evolution of a strained InAs island ensemble on an InAs WL is theoretically described, assuming islands which have a flat truncated pyramidal shape with square base. The islands grow or dissolve by attachment or detachment of adatoms from the surrounding adatom sea. The adatom kinetics is essentially controlled by the stress concentration at the base perimeter of the islands. This enhancement leads to a logarithmic singularity of the elastic energy density near the bottom edge and creates a barrier for the nucleation of a new atomic layer on a side facet. 39 The barrier strength increases with island height. The system initially consists of flat 1 ML high islands on the 1 ML thick WL with a broad distribution in base lengths, i.e., of an InAs layer with a total thickness below 2 ML and hence a rough surface. The islands can grow in both base length and height. As 2 ML high islands form, further base length growth is hindered by an increased barrier strength. Growth will then preferably occur by nucleation on the top facet. Then the island base remains constant and the height increases ML by ML. Islands having different base lengths develop independently.
The formation of a new atomic layer on a truncated pyramid, denominated embryo in its initial state, 39 leads to a change of the Gibbs free energy of the system, ␦⌽ island = ␦E elast + ␦E edge − ␦N. Here ␦E edge , , and N are the step energy of the embryo edge, the chemical potential of the adatom sea, and the number of embryo atoms, respectively.
The elastic relaxation energy change ␦E elast can be found by using the small slope approximation. 40 ␦⌽ island Ͼ 0 at the formation of the embryo, but eventually becomes negative when the embryo exceeds a critical size. Then the free energy is decreasing. Since the size of the top facet of the truncated pyramid decreases with height, it will at a certain height become too small to further favor formation of a subsequent layer, and the island will stop growing. The initial system of 1 ML high islands with a broad distribution in base lengths will consequently lead to an ensemble, where islands with larger bases attain larger heights. This accounts for the experimentally observed shell-like size distribution of the QD ensemble.
B. Modeling of ensemble evolution
To model the ensemble evolution, the elementary processes of adatom attachment and detachment at the islands are described by rate equations, which include an Arrhenius dependence to account for the strain-dependent barrier. 41 The dynamics proceeds by mass exchange between the islands and the adatom sea, implying mass conservation during the growth interruption. The number of adatoms q adatoms in the adatom sea decreases as the islands grow, thereby lowering the chemical potential due to the relation q adatoms ϳ exp͓ / ͑kT͔͒ and consequently raising ␦⌽ island . An increase of Gibbs free energy leads to a larger critical embryo size, as may be read from Fig. 7 for an earlier stage of evolution ͑ = 1 ͒. At a later stage ͑ = 2 ͒ both growth of high islands and dissolution of small islands lead to a decrease of the free energy. The driving force for dissolution acts inverse to that of growth, i.e., predominantly at the respective topmost layer of the top facet. Small islands are hence expected to dissolve by a reduction of height, feeding their material to the adatom sea. For numerical calculations material parameters for ␦E elast and ␦E edge are adopted from continuum elasticity and density functional theory, respectively.
Results of such a numerical solution are given in Fig. 8 , showing two stages of QD ensemble evolution. At an earlier stage t 1 the system contains predominantly islands having 2 and 3 ML height. Additionally a small density of higher and shallower islands is observed. At a later stage t 2 the density of 1 and 2 ML high islands has decreased; they have partly dissolved and partly grown to a larger height. The maximum of the distribution function is now at 3 ML high islands, and the distribution in height is broader. Islands with a height above 7 ML which were not present at t 1 have now appeared. The modeled behavior shown in Fig. 8 agrees well with the dynamics experimentally observed in PL after different growth interruption times.
The major features of the model, i.e., local minima in Gibbs free energy of an island and the evolution of the adatom sea chemical potential, account for the prominent experimentally observed features: the formation of a multimodal ensemble, the evolution by dissolution of smaller and growth of larger QDs, dissolution of the QDs by reduction of height, and the persistence of the flat top facet.
VI. CONCLUSION
Self-organized multimodal InAs/ GaAs quantum dots prepared by deposition near the critical value for elastic relaxation are shown to consist of pure InAs with well-defined flat top and bottom interfaces to GaAs and heights varying in steps of complete InAs monolayers. The perfection of the InAs/ GaAs interface is improved, employing antimony as a surfactant. The dots form from a rough InAs layer after application of a growth interruption prior to cap layer deposition and ripen during this period. Ripening occurs by an increased appearance of subensembles with higher QDs at the expense of subensembles related to smaller QDs. QD dissolution proceeds essentially by decrease of height, and only to a small amount by lateral shrinking. Growth and dissolution originate from a material exchange between QDs of different subensembles, leaving thickness and composi- tion of the wetting layer unchanged. The dynamics of subensemble formation and dissolution is modeled by a kinetic approach, showing that strain-induced barriers at the QD base perimenter hinder the lateral growth and lead to a baselength-dependent height. An interplay of the adatom sea chemical potential and the strain energy of the QDs is shown to account for the observed evolution of the multimodal distribution.
